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G laucoma is a progressive, chronic optic neuropathy that results in the degeneration of retinal ganglion cell (RGC) axons, apoptosis of RGC somas, and corresponding loss of visual function. 1, 2 Glaucoma is also specifically characterized by conformational changes within the optic nerve head (ONH) that distinguish it from other optic neuropathies. 1, 3 Although the precise sequence of pathophysiological events leading to vision loss is only partially understood, it is thought to begin with injury to axons within the ONH, perhaps as a consequence of its characteristic ONH deformations. 1, [4] [5] [6] In a collective effort to understand the details of this sequence and injury process, numerous experimental models of glaucoma have been developed over the last several decades. [7] [8] [9] [10] [11] [12] [13] Because IOP is the most well-known risk factor and currently the only target for therapeutic intervention, almost all of these experimental models are based on elevated IOP. Many aspects of the structural and functional changes observed clinically in human eyes with chronic glaucoma have been recapitulated in various species of experimental animal models based on chronic (long-term) IOP elevation such as progressive cupping of the optic disc (which includes axon loss within the neuroretinal rim and deformation and remodeling of the ONH and peripapillary scleral connective tissues), [14] [15] [16] [17] [18] [19] [20] [21] selective loss of RGCs and their axons from the retina with associated loss of function, 14, 17, [22] [23] [24] [25] [26] alterations in ONH blood flow and its autoregulation, [27] [28] [29] [30] and impaired axonal transport. [31] [32] [33] [34] [35] [36] Notably, similar alterations have been observed after brief periods (usually <4 hours) of acute IOP elevation to subischemic levels ( 50 mm Hg), including the following: deformation of the ONH and peripapillary tissues in monkey [37] [38] [39] [40] [41] and rat 42 ; reduced ocular blood flow with autoregulation dysfunction (if systemic blood pressure is also low) in human 43 and monkey 44, 45 ; reduced ocular blood flow (primarily from decreased flow velocity rather than reduced vessel diameter) 42, 46 without hypoxia 47 in rat; RGC-specific functional abnormalities in monkey, 48 cat, 49 and rodent [50] [51] [52] [53] [54] ; and impaired axonal transport in monkey, [55] [56] [57] [58] [59] rat, [60] [61] [62] and pig. 63, 64 However, these alterations are completely reversible within a short duration of IOP normalization, with no permanent changes in structure or function (e.g., ONH and peripapillary deformation, [37] [38] [39] 42 RGC dysfunction, 48, 49, 51, 52, 54 reduced ocular blood flow, 43, 44, 46 and axonal transport disruption 56, 58, 61 ). This raises an important question about how these short-term, reversible abnormalities lead to the permanent changes observed in the chronic conditions (glaucoma and its experimental models). One possibility is that repeated insults have compounding effects that activate mechanisms, which then lead to chronic changes, including permanent ONH deformations, lethal axonal injury, and subsequent RGC death. [65] [66] [67] [68] Another possibility is that longer-duration acute episodes exceed some tolerance threshold (IOP 3 time integral 69 ) and thus trigger the mechanisms that lead to these chronic changes and permanent loss.
In this study, we examined the IOP tolerance threshold in rat eyes by extending the period of subischemic (50 mm Hg) acute IOP elevation to 8 hours. We investigated whether a longer-duration (8 hour) single episode of IOP elevation to 50 mm Hg would result in axonal transport abnormalities that persist at 1 or 2 weeks after IOP normalization. Second, we assessed whether this IOP elevation caused permanent injury to RGCs by measuring both in vivo retinal nerve fiber layer thickness (RNFLT) and postmortem RGC densities using the immunohistochemical marker Brn3a for up to 6 weeks of follow-up.
METHODS Subjects
The subjects of this study were 47 adult male Brown Norway rats (Rattus norvegicus; Charles River Laboratories, Inc., Wilmington, MA) that were aged 8 to 12 weeks and weighed 168 to 240 g at baseline. Rats were maintained under a 12-hour light and 12-hour dark cycle with normal rat chow and water available ad libitum. All experimental methods and animal care procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved and monitored by the Institutional Animal Care and Use Committee at Legacy Health.
Anesthesia
During the episode of acute IOP elevation, as well as for all imaging and intravitreal injection procedures, animals were anesthetized with an intramuscular injection of a rodent cocktail containing ketamine (55 mg/kg, Ketaset; Fort Dodge Animal Health, Fort Dodge, IA), xylazine (5 mg/kg, AnaSed; Lloyd, Inc., Shenandoah, IA), and acepromazine maleate (1 mg/ kg; Vedco, Inc., St. Joseph, MO). This dosage provided general anesthesia for 45 to 90 minutes. Half of the original dose was used for repeated injections as necessary for longer durations. For stereotactic injection procedures, animals were anesthetized with 2% isofluorane gas at 2 mL/min in a 2:1 ratio of nitrous oxide to oxygen. For all procedures under anesthesia, body temperature was maintained with a heat mat. For procedures lasting longer than 90 minutes, lactated Ringer's solution (Baxter Healthcare Corporation, Toronto, ON, Canada) was injected subcutaneously at regular intervals to maintain hydration.
Eight-Hour Acute IOP Elevation Protocol
The anterior chamber of the right eye of each rat was cannulated through the peripheral nasal cornea with a 30G needle. The needle was connected by polyethylene tubing to a reservoir filled with sterile balanced salt solution (Alcon Laboratories, Inc., Fort Worth, TX) so that IOP could be manometrically controlled by positioning the height of the reservoir. The cannula remained inserted in the anterior chamber for 8 hours in all animals. The cannulation site was visually examined for leakage regularly during the period of IOP elevation, and the cornea was tested gently for firmness with the tip of a WECK-CEL eye spear (Medtronic, Minneapolis, MN). As a secondary confirmation, IOP was monitored indirectly during cannulation with a rodent tonometer (Tonolab; Icare Finland Oy, Helsinki, Finland). Topical anesthetic (0.5% proparacaine hydrochloride; Alcon Laboratories, Inc.) was instilled before cannulation. Ocular lubricants were applied at regular intervals to both eyes (Celluvisc; Allergan, Irvine, CA). After cannula removal, antibiotic ointment was applied (neomycin, polymyxin B sulfates, and dexamethasone; Falcon Pharmaceuticals Ltd., Fort Worth, TX).
In Vivo Spectral-Domain Optical Coherence Tomography Measurements
Peripapillary RNFLT and total retinal thickness (RT) were measured longitudinally in vivo using spectral-domain optical coherence tomography (SD-OCT) (Spectralis; Heidelberg Engineering GmbH) as previously described. 42 Topical anesthesia and mydriasis (tropicamide 0.5% [Alcon Laboratories, Inc.] and phenylephrine 2.5% [Bausch & Lomb, Incorporated, Tampa, FL]) were instilled, custom rigid gas permeable contact lenses were inserted, and rats were placed on a custom-built imaging stage. Average and sectorial (superior, inferior, nasal, and temporal) peripapillary RNFLT and RT were determined from a circular B-scan (128 diameter) centered on the optic disc. The digital axial resolution was 3.9 lm. The B-scan was composed of 1536 A-scans and consisted of an average of 100 individual sweeps using automatic real-time eye tracking software to reduce speckle noise. Follow-up scans were collected using the eye tracking software so that they were in identical positions relative to baseline. The SD-OCT data were exported for performing retinal layer segmentations and deriving thickness values using custom software. 42 Retinal thickness was defined as the thickness from the inner limiting membrane to Bruch's membrane-RPE complex, as is consistent with previous studies. 42, [70] [71] [72] Anterograde Axonal Transport Assay Anterograde axonal transport within RGCs was assessed with the tracer cholera toxin B-subunit conjugated to AlexaFluor 488 (CTB) dissolved in sterile PBS as previously described. 73 In brief, at 24 hours after bilateral intravitreal injection of 2 lL 1% CTB, the ocular fundi were imaged in vivo by confocal scanning laser ophthalmoscopy in fluorescence mode (CSLO-FL) (Spectralis HRA; Heidelberg Engineering GmbH) to confirm successful injections. Rats were then overdosed with an intraperitoneal injection of pentobarbital sodium and phenytoin sodium (0.7-1.4 mL/kg, Euthasol Solution; Virbac Animal Health, Inc., Fort Worth, TX). After enucleating the eyes, animals were transcardially perfused with 0.1 mL heparin sodium (10,000 United States Pharmacopeia U/mL; APP Pharmaceuticals, LLC, Schaumburg, IL), followed by 125 mL cold 4% paraformaldehyde in 0.5 M phosphate buffer (PB [pH 7.35] ). The retinas were dissected from the globes, and the brain was dissected from the skull; they were then immersion fixed in 4% paraformaldehyde in 0.5 M PB for 30 minutes in preparation for immunohistochemistry and postmortem CSLO, respectively.
Axonal transport was assessed from postmortem CSLO-FL (Spectralis HRA; Heidelberg Engineering GmbH) of the optic nerves and superior colliculi. The CSLO-FL images were obtained with an additional þ25-diopter lens mounted to the camera objective. The BluePeak (Heidelberg Engineering GmbH) blue laser (488 nm) autofluorescence imaging mode was used with the standard contrast setting (i.e., without contrast normalization), and 100 frames were averaged to produce the final recorded image. Analysis of the relative fluorescence intensity ratio of the experimental to control superior colliculus was performed in ImageJ software (National Institutes of Health, Bethesda, MD) using a colliculus-shaped polygon to define the region of interest. Note that approximately 95% of axons cross at the chiasm in pigmented rats, 74, 75 so the experimental superior colliculus is of opposite laterality to the experimental prechiasmal optic nerve and eye.
Retrograde Axonal Transport Assay
The retrograde transport assay involved bilateral injections of 2 lL 1% CTB into the superior colliculi with the rat held in a stereotactic device (Kopf Instruments, Tujunga, CA) as previously described. 73 The stereotactic coordinates used were as follows: À5.5 mm anterior-posterior and 61.25 mm mediallateral (both relative to the bregma skull landmark) and À4.5, À4.25, À4.0, and À3.75 mm dorsal-ventral (from the skull surface). At each dorsoventral location, 0.5 lL CTB was injected to optimize diffusion of CTB throughout the superior colliculi. Intramuscular buprenorphine (0.3 mg/mL) analgesic was administered after surgery. Retrograde transport was assessed from in vivo CSLO-FL images of the retinas at 24 hours after injection. Relative RGC density between experimental and control eyes was determined for an area of 4.57 mm 2 centered on the optic disc using ImageJ software (National Institutes of Health). Rats were overdosed, and the retinas and brain were dissected and immersion fixed as described for the anterograde assay. Whole-mounted retinas were imaged with fluorescence microscopy (35 air objective, DMRXE; Leica, Wetzlar, Germany) using filter set 513808 (FITC, excitation of 450-490 nm, 515-nm long-pass emission; Chroma GmbH & Co., Münster, Germany). Relative RGC density between experimental and control eyes for an area of 5.79 mm 2 was determined using ImageJ software (National Institutes of Health) for comparison with the in vivo CSLO results. Postmortem CSLO-FL of the superior colliculi was performed to confirm successful CTB injections.
Follow-up IOP Measurements
Although IOP was controlled manometrically during the 8-hour episode of acute elevation, additional IOP measurements were made using a rodent tonometer immediately before and after anterior chamber cannulation for up to 30 minutes to determine whether a decrease in IOP occurred due to persistent leakage of aqueous humor after cannula removal. The IOP was also measured by tonometry at follow-up imaging sessions. All IOP recordings were measured under general and topical anesthesia as the average of five consecutive measurements.
Experimental Design
Rats were assigned to one of four groups. In group 1 (n ¼ 34), rats had the IOP of the right eye acutely elevated to 50 mm Hg for 8 hours, with the left eye as an untouched control, and were observed for 1 or 2 weeks. Four of these rats were excluded from all analyses because of unreliable IOP elevation due to either leakage at the cannulation site or raised IOP after cannulation removal from a presumed angle-closure event.
The remaining 30 rats had the anterograde or retrograde transport assay performed at 1 or 2 weeks after IOP elevation, although 10 were excluded because of failed injections. Failed intravitreal injections were due to retinal detachment and/or vitreous hemorrhage and resulted in uneven uptake of CTB by RGCs across the central retina. Failed stereotactic injections were classified as having less than 50% of the central superior colliculus surface filled by CTB on postmortem CSLO-FL. Hence, transport data were analyzed for 20 rats, with five in each subgroup (anterograde at 1 week, retrograde at 1 week, anterograde at 2 weeks, and retrograde at 2 weeks). For SD-OCT analysis, an additional two rats were excluded from the 30 rats with successful IOP elevation due to poor imaging because of corneal opacities following cannulation. Thus, SD-OCT was evaluated at baseline and at the 1-week (n ¼ 13) or 1-week and 2-week (n ¼ 15) follow-up in a total of 28 animals with unilateral IOP elevation to 50 mm Hg for 8 hours. The 1-week and 2-week time points for simultaneous assessment of RNFLT and transport were chosen for the possibility that there may be axon transport deficits without accompanying structural loss of RGC axons.
In group 2 (n ¼ 4), rats were assigned to longer-term followup duration, in which they were observed for 6 weeks after the IOP of the right eye was acutely elevated to 50 mm Hg for 8 hours, with the left eye as an untouched control. Group 3 rats (n ¼ 4) were assigned to a sham control group, in which the right eye was cannulated and held at an IOP of 15 mm Hg for 8 hours, while the left eye served as an untouched control, and were observed for 6 weeks. The 6-week follow-up period was chosen because it can take 1 to 2 months for RGCs to degenerate and die after injury. 76 All eight rats in groups 2 and 3 had successful IOP elevation without subsequent complications and were included in the analyses. The SD-OCT was performed at baseline; at follow-up time points of 1, 3, and 7 days; and thereafter weekly to 6 weeks. There was no axonal transport assay conducted in group 2 or group 3. Group 4 rats (n ¼ 5) were healthy, naive animals sacrificed specifically as a control group for retinal immunohistochemistry and did not undergo anterior chamber cannulation.
Our laboratory has previously reported a mean 6 SD femoral artery blood pressure of 97.6 6 10.7 mm Hg (range, 80-120 mm Hg) in a group of naive normal Brown Norway rats under ketamine anesthesia. 50 Therefore, the perfusion pressure is expected to be at least 30 mm Hg in the group 1 and group 2 experimental eyes elevated to IOPs of 50 mm Hg, which should be well above the threshold for ischemia. 47, 54, 69 We have previously monitored systemic blood pressure for as long as 5 hours and found (unpublished data) that it decreases by approximately 5 to 15 mm Hg for 15 to 20 minutes immediately after each anesthetic dose is administered; it then stabilizes at a level (approximately 100 mm Hg) near what is observed in awake animals (by noninvasive measurements) until the subsequent dose is administered.
Retinas from follow-up periods (1, 2, and 6 weeks) were processed with immunohistochemical markers against Brn3a and Iba-1 to assess RGC density 77 and microglial activation in the retinal nerve fiber layer (RNFL), 78 respectively. Measurement of RGC density allows assessment of whether the acute IOP elevation resulted in permanent RGC loss. Determining microglial activation alongside RNFLT and axonal transport may give insight into the sequence of the retinal response to IOP elevation because there is evidence that microglial activation has a role in disease progression and that microglia phagocytose dying or degenerating RGCs.
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Immunohistochemistry Table 1 gives a summary of the antibodies used in this study, Brn3a for labeling RGC somas and Iba-1 for labeling microglia.
Brn3a is a 47-kilodalton (kDa) class IV POU domain-containing protein (transcription factor) specific for RGCs in vertebrate retinas, 86 including rats. 77, 87, 88 Iba-1 is a 17-kDa EF hand protein specifically expressed in microglia and upregulates during microglia activation. 78, 89 Retinas were rinsed in PBS (pH 7.4), immersed in 3% Triton X-100 overnight, and rinsed again in PBS before preincubation for 2 days at 48C in either 5% goat or donkey blocking serum (Life Technologies, Carlsbad, CA) as appropriate. Primary antibodies were diluted in either 5% goat or donkey blocking serum, and retinas were incubated in the primary antibody solution for 3 days at 48C. Retinas from group 1 animals sacrificed at 1 or 2 weeks contained CTB, so they were singlelabeled with mouse anti-Brn3a (n ¼ 12 rats), goat anti-Brn3a (n ¼ 8), or rabbit anti-Iba-1 (n ¼ 8). Retinas from group 2 and group 3 animals sacrificed at 6 weeks (n ¼ 8 rats) and from group 4 naive rats (n ¼ 5) did not have CTB, so they were doubled-labeled with mouse anti-Brn3a and rabbit anti-Iba-1. Retinas were rinsed in PBS before incubation in secondary antibody solution for 24 hours. Secondary antibodies were goat anti-rabbit IgG coupled to AlexaFluor 594 diluted 1:400 in 5% goat blocking serum, donkey anti-goat IgG coupled to AlexaFluor 568 diluted 1:500 in 5% donkey blocking serum, goat anti-mouse IgG coupled to AlexaFluor 594 diluted 1:400 in 5% goat blocking serum, and goat anti-rabbit IgG coupled to AlexaFluor 488 diluted 1:400 in 5% goat blocking serum. Preparations were coverslipped in Vectorshield with DAPI (Vector Laboratories, Burlingame, CA).
RGC and Microglia Density Analysis
In experimental and fellow control retinas from all four groups of rats, the densities of RGCs and microglia in the RNFL were determined by counting somas labeled with antibodies to Brn3a and Iba-1, respectively, and dividing by the area of the region counted. Micrographs were acquired with the following: (1) a digital camera (QICAM 12-bit; QImaging, Surrey, BC, Canada) attached to a DMIRB inverted microscope (Leica) with 320 air objective, (2) filter sets 513828 (FITC, excitation of 450-490 nm, 515-nm long-pass emission) and 513832 (CY3, excitation of 512-560 nm, 590-nm long-pass emission) (Chroma GmbH & Co.), (3) imaging software (Qcapture; QImaging), and (4) a computer-controlled (X-Y-Z) stage (Applied Scientific Instrumentation, Inc., Eugene OR). Micrographs were obtained in a tiled array centered on the optic disc covering most of the central retina (total areas analyzed were 8.1 6 1.0 mm 2 for RGCs and 7.6 6 1.8 mm 2 for microglia). Stacks of 15 to 45 images with 1-lm axial spacing through the RGC layer (for Brn3a) or the RNFL (for Iba-1) were taken at each tile location within the array, with a 10% overlap between each tile. Each tile was composed of 1392 3 1040 pixels, covering an area of 0.17 mm 2 . Custom software was used to compress the image stack at each tile location using only the pixels in focus from the z stack. Images were montaged with custom software, and somas were counted with a semiautomated method using ImageJ software (National Institutes of Health).
Statistical Analysis
Two-way repeated-measures ANOVAs with Bonferroni-corrected post hoc tests were performed on the SD-OCT measurements of RNFLT and RT, Brn3a cell densities, and Iba-1 cell densities. Wilcoxon nonparametric paired t-tests were applied to compare relative fluorescence intensity (experimental versus control) across hemispheres of the superior colliculus for the anterograde axonal transport assay, as well as to compare the relative RGC density between experimental versus control retinas for the retrograde axonal transport assay. A two-way ANOVA with Bonferroni-corrected post hoc tests was used to analyze IOP data. All statistical analyses were performed using commercial software (Prism, version 5; GraphPad Software, Inc., San Diego, CA). Figure 1 shows a representative example of longitudinal RNFLT measurements derived from peripapillary, circular SD-OCT Bscans at baseline and 1 and 2 weeks after an 8-hour episode of acute IOP elevation. The RNFLT results for the entire group 1 cohort are plotted in Figure 2A (for the peripapillary average) and Figure 2B (for individual quadrants). In group 1, there was no difference in RNFLT at baseline between experimental eyes (45.9 6 2.5 lm) and fellow control eyes (46.3 6 2.8 lm) (P > 0.05). One week after the 8-hour episode of IOP elevation to 50 mm Hg, RNFLT increased in the experimental eyes to 54.4 6 5.7 lm (18.7 6 11.1% increase relative to baseline, P < 0.001) and then partially receded by the 2-week follow-up time point to 50.4 6 4.4 lm (10.5% 6 7.6% increase relative to baseline, P < 0.001). RNFLT in the fellow control eyes remained equivalent to baseline values at follow-up, averaging 45.9 6 2.9 lm (À0.6% 6 4.7% decrease relative to baseline, P > 0.05) at week 1 and 46.3 6 2.2 lm (0.5 6 4.3% increase relative to baseline, P > 0.05) at week 2. There were no differences in the magnitude of RNFLT changes from baseline across superior, inferior, nasal, or temporal quadrants at either the 1-week (P ¼ 0.11) or 2-week (P ¼ 0.62) follow-up time points, although there was a trend in experimental eyes for the nasal quadrant to show less thickening than other quadrants (Fig. 2B) .
RESULTS

RNFL Thickness
The increase in RNFLT was examined over a more detailed time course out to 6 weeks in group 2 (50-mm Hg IOP elevation) and group 3 (sham, 15-mm Hg IOP) as shown in Figure 2C and Figure 2D , respectively. For group 2 experimental eyes, RNFLT increased from a baseline of 50.1 6 2.2 lm to 55.6 6 2.1 lm (11.1 6 1.9%) at 1 day after the IOP elevation episode (baseline P < 0.001) and continued to increase, reaching a peak of 57.5 6 4.7 lm (14.6 6 5.6% above baseline) at the 3-day follow-up (P < 0.001). These eyes recovered back to the mean (SD) baseline and control levels (P > 0.05) by 3 weeks (52.5 6 3.9 lm), with no loss evident at 6 weeks (50.8 6 1.5 lm). As observed in group 1, the quadrant analysis of group 2 also showed no differences in the magnitude of RNFLT changes from baseline across superior, temporal, inferior, or nasal quadrants at any time point (P ¼ 0.12). For group 3 sham experimental eyes, RNFLT increased from a baseline of 47.2 6 2.7 lm to 50.1 6 3.9 lm (6.2 6 2.6%) at 1 day (P < 0.05) but had returned to baseline and fellow control values (48.3 6 2.6 lm) by 3 days (P > 0.05). This result in the sham group indicates that some of the initial (1 day) increase of RNFLT in group 1 and group 2 is likely due to the cannulation procedure (insertion or removal) itself. Most important, there was no indication of RNFL thinning at any follow-up time point for either group 1 or group 2 after the 8-hour episode of IOP elevation to 50 mm Hg even for time points out to 6 weeks ( Figs. 2A, 2C ).
Retinal Thickness Figure 1 shows a representative example of longitudinal RT segmentations in peripapillary SD-OCT B-scans at baseline and the 1-week and 2-week follow-up after an 8-hour episode of acute IOP elevation. For group 1, the RT at baseline were 224.9 6 7.7 lm in the experimental (right) eye and 225.6 6 7.7 lm in the fellow control (left) eye (P > 0.05). At the 1-week followup, the mean (SD) RT had increased by 7.3 6 7.9 lm (3.3 6 3.5%) compared with baseline (P < 0.001) in the experimental eye and at 2 weeks remained thicker by 5.2 6 8.4 lm (2.3 6 3.6%) compared with baseline (P < 0.01). The retinal layers minus the RNFL (i.e., RGC layer to Bruch's membrane-RPE complex) showed negligible changes in the experimental eyes compared with baseline: the mean 6 SD values were À1.2 6 5.2 lm (À 0.7 6 2.9%, P > 0.05) at 1 week and 2.5 6 3.9 lm (0.2 6 2.9%, P > 0.05) at 2 weeks. These findings indicate that only the RNFL changed in thickness, while the other retinal layers did not, and show that the increase in total RT is attributable to the increase in RNFLT.
Anterograde Axonal Transport Assay Quantitative results of the anterograde axonal transport assay data set at both 1 and 2 weeks after the acute IOP elevation episode are listed in Table 2 . There was no difference in the intensity of fluorescence between experimental and fellow control optic nerves or superior colliculi. Hence, there was no evidence of anterograde transport disruption persisting at 1 or 2 weeks after acute IOP elevation to 50 mm Hg for 8 hours with this assay. Axonal transport assays were not performed on animals observed for 6 weeks (group 2 and group 3) because there was no persisting transport obstruction at either the 1-week or 2-week follow-up and no evidence of decreased RNFLT at the 6-week follow-up. Figure 4 shows a representative example of the retrograde axonal transport assay results. Twenty-four hours after bilateral CTB injections into the superior colliculi, punctate CTB fluorescence of RGC somas is visible at equivalent brightness and density in both experimental and fellow control retinas as measured either in vivo by CSLO (Figs. 4A, 4B ) or postmortem by microscopy (Figs. 4C, 4D ). Symmetric fluorescence of both hemispheres of the superior colliculus as imaged by postmortem CSLO demonstrates that both CTB injections were successful (Fig. 4E) . These results indicate uninterrupted retrograde transport along RGC axons from the superior colliculi to RGC somas. Quantitative results of the full retrograde axonal transport assay data set at the 1-week and 2-week follow-up are listed in Table 3 . There was no difference in the density of fluorescent RGC somas between experimental and fellow control eyes. Hence, there was no evidence of retrograde transport disruption persisting at either 1 or 2 weeks after an 8-hour episode of acute IOP elevation to 50 mm Hg with this assay.
Retrograde Axonal Transport Assay
Follow-up IOP
To determine if the RNFL thickening might have been caused by a transient IOP decrease due to leakage of aqueous humor after cannula removal, IOP was measured by tonometry in a subset of animals immediately before and after cannulation and at follow-up time points. In group 1 experimental eyes (n ¼ 15), IOP decreased from a baseline of 11.3 6 1.5 mm Hg to 7.2 6 2.6 mm Hg (P < 0.001) at approximately 15 minutes after cannula removal and had recovered to 11.1 6 3.0 mm Hg by the 1-day follow-up ( Fig. 5 ). Fellow control eyes remained similar to baseline after cannulation. The IOP was measured under general anesthesia and was therefore lower than the IOP in awake rats due to the known effect of anesthesia on IOP. 90 Group 2 and group 3 experimental eyes also showed a similar pattern of IOP decrease immediately after cannula removal that recovered by the 1-day follow-up ( Fig. 5) . The transient decrease in IOP in all experimental eyes after cannula removal correlates with the transient 1-day increase in RNFLT in experimental eyes of sham animals (group 3). Hence, the cannulation procedure may be the source of the 1-day RNFL thickening in sham animals and may contribute to the initial RNFL thickening in group 2 and group 3 animals at the 1-day follow-up only.
RGC Density
To assess whether there was any change in RGC density after IOP elevation, retinas from all four groups groups were stained with an antibody against Brn3a. Antibodies against Brn3a label most (92%-95%) RGCs, and it is known that Brn3a is a reliable marker to identify and quantify RGC density in both normal retinas and retinas with RGC loss. 77, 86, 87 The Brn3a-positive RGC density (Fig. 6 ) was equivalent in experimental and control retinas (P ¼ 0.74) and across all groups (P ¼ 0.34). This indicates that there was no loss of RGCs at even 6 weeks (2998 6 347 cells/mm 2 in the experimental eyes and 2844 6 282 cells/mm 2 in the control eyes of group 2) after the 8-hour IOP elevation event relative to normal naive rats (2772 6 250 cells/ mm 2 in the right eyes and 2823 6 139 cells/mm 2 in the left eyes of group 4) and sham rats (2574 6 300 cells/mm 2 in the experimental eyes and 2538 6 391 cells/mm 2 in the control eyes of group 3). The RGC densities determined by Brn3a labeling over a large region of central retina in this study are slightly higher than those reported for pigmented rats in a previous study (1331 6 129 cells/mm 2 ), 87 which were also determined by Brn3a immunohistochemistry. This is likely because the previous study determined the average density for the entire retina, whereas estimates in the present study were derived without including the far periphery, where RGC density is lower. However, RGC densities derived from retrograde Fluorogold labeling for a similar area of retina as the present study are comparable in another study 91 (2113 6 144 cells/mm 2 ) to those found in this study using Brn3a. Although the densities derived in the present study by Brn3a analysis are comparable to those derived by retrograde transport of CTB for a similar retinal sample area and imaged by microscopy, the densities derived in vivo by CSLO imaging are slightly lower (Table 3) , despite being based on a more central portion of the retina, probably because of a combination of lower resolution and signal-to-noise ratio compared with postmortem, microscopy-derived estimates.
Given the variances observed in this study, there was 80% power to detect an 11% reduction in the mean RGC (Brn3aþ) density for a group of four (e.g., group 2 observed for 6 weeks). This evidence supports the findings that there was no RNFL The fluorescence of the RGCs is similar between the CSLO and microscopy images, although the optic disc is usually brighter in the microscopy image. Note that the disc in (D) has been partially removed during the retina dissection, so it is not as bright as the disc in C. These results indicate uninterrupted retrograde axonal transport of CTB along experimental and control pathways. Quantitative results are summarized in Table 3 . (E) Postmortem CSLO-FL image of the superior colliculi shows that CTB injections were successful. Scale bars: 1 mm (A applies to A-D). thinning at 6 weeks and that the initial RNFL thickening seen in this study was a transient event (i.e., the normalization of group 2 RNFLT at the 3-week time point was not masking longstanding RNFL thickening offset by concurrent RGC loss).
Microglial Density
To determine whether RNFL microglial activation and potential increase in cell density could have contributed to the transient increase in RNFLT in rats that had the acute IOP elevation event, retinas from all groups were stained with an antibody against Iba-1. The microglial density was equivalent (P ¼ 0.92) in experimental and control eyes across all groups (Fig. 7) . There was no increase in the RNFL microglia at 1 week (616 6 40 in the experimental eyes and 662 6 86 in the control eyes) or 2 weeks (622 6 59 in the experimental eyes and 663 6 84 in the control eyes) after the IOP elevation event relative to the normal naive group (668 6 28 in group 4) (P > 0.05 for all). This suggests that the RNFL thickening that occurs at 1 and 2 weeks after IOP elevation is not due to a significant increase in the number of microglia within the RNFL. Furthermore, there was no evidence of morphologic transformation of the microglia in experimental eyes from a ramified to an amoeboid (large, irregular) shape (Fig. 7E-H) , as has been previously noted in retinas with activated microglia.
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DISCUSSION
Short-term ( 4 hours) acute elevations of IOP to subischemic levels ( 50 mm Hg) cause deformation of the ONH and peripapillary tissues, dysfunction of retinal neuronal signaling, reduction of ocular blood flow (including within the ONH), and disruption of axonal transport, all of which are reversible within minutes to hours of IOP normalization, without evidence of permanent loss in structure or function. This study used a longer-term acute elevation of IOP (50 mm Hg for 8 hours) and found that it also has no lasting effect on anterograde or retrograde transport of small vesicular cargoes at either 1 or 2 weeks or on RNFLT at 6 weeks. IOP elevation to 50 mm Hg for 6 hours was previously found to reduce retrograde transport by 74%, and IOP elevation to 75 mm Hg for 6 hours reduced transport by 83%. 62 Therefore, it is expected that 8 hours of IOP elevation to 50 mm Hg will cause substantial disruption to axonal transport during the period of IOP elevation, although the results herein show no persisting transport deficit by 1 week after the acute IOP event. This is consistent with previous studies 60, 61 showing recovery of retrograde transport 2 hours after IOP normalization from shorter-term acute IOP elevation events of 50 mm Hg for 2 hours and 180 mm Hg for 10 minutes.
This study used an assay time point of 24 hours after injection, which is approximately 18 hours after CTB is first FIGURE 5. The IOP of experimental (Exp) and fellow control (Ctrl) eyes under general anesthesia at baseline immediately before cannulation (BL), at 0 to 5 minutes and 6 to 20 minutes after cannula removal, and at the 1-day, 2-day, 3-day, 7-day, and 14-day follow-up. Data are shown for group 1 (n ¼ 15) and group 2 (n ¼ 4), which both had IOP elevation to 50 mm Hg for 8 hours, and for group 3 (n ¼ 4, sham), which had IOP held at 15 mm Hg for 8 hours. The IOP in the experimental eyes decreased immediately after cannula removal but recovered relative to baseline and fellow control by the 1-day followup. Error bars ¼ SEM. *P < 0.05 in experimental eyes compared with fellow control at that time point. §P < 0.05 in experimental eyes compared with baseline (Bonferroni post hoc test).
noticed above background fluorescence at the superior colliculus in the anterograde assay and approximately 21 hours after it is seen in the RGCs in the retrograde assay. 73 It is possible that the transport assay used in this study (specifically, the 24-hour postinjection time point) might not be sensitive to subtle delays in transport rate (e.g., due to mildly dysfunctional axons). However, it is sensitive to transport blockade as shown previously. 73 Even if only some of the axon bundles in the nerve are persistently affected by transport blockade 1 week after 8 hours of acute IOP elevation, the 24-hour assay will still be able to detect this regional blockade of transport due to retinotopic mapping within the pathway (i.e., patches of missing or reduced fluorescence within the superior colliculus would result in an overall decrease of its total fluorescence). However, if any transport rate reduction persisting to 1 week after acute IOP elevation was subtle enough to go undetected at the 24-hour postinjection time point, it was also evidently not severe enough to fatally injure RGCs (measured by Brn3aþ densities after death) and/or cause RGC axon loss (measured by RNFLT in vivo).
Despite seeing no changes in axonal transport at either 1 or 2 weeks after the acute event or any evidence of RNFL loss at 6 weeks, this study did show substantial RNFL thickening that is seen by 1 day (11% [5 lm]) , is greatest at 3 to 7 days (15%-19% [7-9 lm]), and is resolved by 3 weeks. A sham group with IOP of 15 mm Hg for 8 hours also showed some RNFL thickening (6% [3 lm]) at 1 day that had resolved by 3 days. This corresponds to the 1-day period of mild IOP decrease ( 6 mm Hg) seen after cannula removal. Hence, approximately half of the RNFL thickening seen at 1 day in the 50-mm Hg groups is likely due to the transient IOP decrease associated with the cannulation procedure. However, the RNFL thickening in the 50-mm Hg group that persists between 1 day and 3 weeks is due to the 8-hour episode of acute IOP elevation per se because this was not observed in sham eyes. The RT results show that the thickening is only in the RNFL, and quadrant analysis demonstrates no predilection of RNFL thickening for any specific quadrant.
The RNFL thickening is of similar magnitude and sequence to that found in patients observed after treatment for unilateral acute angle-closure glaucoma (IOP >40 mm Hg). 96, 97 These patients had a thickened RNFL in all quadrants (except temporal) relative to their fellow eyes by 3 days (peak, 17.8% increase) after the treated acute angle-closure episode, which was still partially elevated at 2 weeks (7.1% increase) and had recovered by 1 month. However, eyes that had experienced the angle-closure attack showed progressive RNFL thinning from 1 to 6 months (13.2%-22.7% decrease) suggestive of permanent axon loss, which is inconsistent with the present rat study, which found no RNFL thinning even at the 6-week follow-up. Unfortunately, the level and duration of acute IOP elevation in the human acute angle-closure eyes are not known and cannot be compared with our study. However, it is likely that the magnitude and duration of IOP elevation in the human angle-closure eyes exceeded those of our study and contribute to the difference in reversible (no RNFL thinning or RGC loss in rats after 8 hours of 50 mm Hg at 6 weeks) versus irreversible (progressive RNFL thinning in human eyes treated for acute angle glaucoma >40 mm Hg after 1 month) effects on RGCs. Underlying species differences in susceptibility may also contribute but are beyond the scope of this study.
Aging increases the susceptibility of humans to glaucomatous optic neuropathy, possibly in an exponential relationship. 98, 99 Rat models have also shown increased RGC susceptibility to permanent injury after IOP elevation and sham cannulation insult in older eyes. 100, 101 Furthermore, it is known that spontaneous axonal degeneration in the optic nerves of Brown Norway rats increases at an exponential rate with age, showing greater degeneration in 31-month-old rats than in 5-month-old rats. 102 This study used young rats (age range, 8-12 weeks); hence, it is possible that repeating this experiment in older animals may show different outcomes for RNFLT and axonal transport and could possibly even produce permanent RGC injury.
A previous study 42 in our laboratory assessed the effect of acute IOP elevation to 50 mm Hg for 1 hour on peripapillary RT during and immediately after the event. It found a rapid (within seconds) decrease in peripapillary RT to a maximum of 11% from baseline within the central 108 from the disc. Reversal to baseline RT occurred in approximately 30 minutes, and there was no long-term effect on RT at either 2 or 4 weeks. This indicates that the RNFL thickening seen in the present study likely did not occur until well after cannulation removal and IOP normalization. Furthermore, the longer-term approach of 8 hours of IOP elevation had a greater impact on the RNFL response than the shorter-term 1-hour elevation because RNFL thickening was seen at the 2-week follow-up in the present study but not in the short-term study. A recent study 68 of the effect of intermittent IOP elevation in a rat model found permanent RGC injury (22%-25% RNFL thinning, 7%-10% RGC loss, and 6% axon loss) after 6 weeks of daily 1-hour IOP elevation to 35 mm Hg. Given that 8 hours of 50 mm Hg did not cause permanent damage to RGCs at 6 weeks but 1 hour of 35 mm Hg daily for 6 weeks did, a combination of the IOP elevation level and the duration seems to be both important in whether irreversible injury occurs.
The RNFL thickening before thinning was not noted in two chronic IOP elevation studies 19, 71 that observed RNFLT longitudinally with SD-OCT, although a study 103 in monkeys did show a small (2.4%) increase in RNFLT immediately before ONH topography change and subsequent RNFL thinning. The chronic models of IOP elevation generally have a lower IOP (peak and sustained) than the 50-mm Hg elevation used in the present study but have a longer duration of elevation. Hence, it appears again that both the level and duration of IOP elevation in this study have contributed to the 3-week course of RNFL thickening. Because there was no loss of Brn3a-labeled RGCs at the 6-week follow-up, the RNFL thickening effect seems to be transient and is not simply a consequence of factors other than RGC loss masking corresponding axon loss from the RNFL at later time points. However, we cannot confirm that there was no peripheral cell loss because we only measured RGC density in the central 8.1 mm 2 of retina. Studies of the ocular blood flow response to acute IOP elevation have shown a progressive reduction in blood flow at the ONH and in the central retinal artery with increasing IOP. Elevating IOP to 45 mm Hg in human patients showed a reduction of blood flow in the retinal arterioles and the ONH, without corresponding change in the ophthalmic artery, indicating that blood flow in the central retinal artery was highly dependent on IOP. 104, 105 In nonhuman primates, the blood flow in the ONH reduced within seconds of the IOP being acutely elevated from 10 to 30 mm Hg at low and medium blood pressures but did not change at high blood pressure. 44 When the IOP was lowered from 30 mm Hg back to 10 mm Hg, the ONH blood flow returned to baseline within minutes. In response to acute IOP elevation, the ONH blood flow starts recovering as the IOP is still increasing (i.e., the time taken for blood flow to change is shorter than the time taken for IOP to change), indicating that autoregulation responses activate immediately after IOP elevation. 45 Furthermore, oxidative stress and mitochondrial dysfunction from reduced ocular blood flow have been associated with RGC death and glaucoma pathogenesis. [106] [107] [108] Hence, it appears that reduced blood flow is rapidly reversed following IOP normalization after acute IOP elevation to nonischemic levels, occurring much faster than the 3 weeks it took for RNFL thickening to recover. Hypoxia and subsequent permanent RGC damage occur at IOPs above 70 mm Hg. 47, 54 Electroretinogram studies of the acute IOP model in rat found functional changes in RGC components with IOPs of 30 to 50 mm Hg 50, 53 and observed for a fixed IOP elevation that functional recovery is linearly related to IOP duration time. 51 Extrapolating from these data 51 predicts RGC-specific functional recovery by 11.2 hours after an IOP insult of 50 mm Hg for 8 hours. Moreover, permanent loss of RGC function and a decrease in histologic RGC layer density at 4 weeks occurs with an IOP of 60 to 70 mm Hg sustained for at least 105 minutes, while complete long-term functional recovery (and no RGC density loss) occurs at IOPs less than 60 mm Hg. 54 Integrating our results with the previous studies shows that recovery of blood flow (within minutes), RGC function (by 1 day), axonal transport (by 7 days), and RNFL thickening (by 3 weeks) occurs readily after IOP normalization from 8 hours at 50 mm Hg, despite their all being highly affected during the IOP elevation episode itself. Given that transport disruption is potentially the causative event, 16, 109 it is notable that the RNFL thickening response peaks (3-7 days) and remains present (3 weeks) for longer than the presumed axonal transport disruption (<1 week).
Immunohistochemical labeling of microglia with an antibody against Iba-1 showed that there was no increased density of microglia in the RNFL in response to the 8 hours of 50 mm Hg at 1, 2, or 6 weeks compared with naive normal control retinas. This suggests that the RNFL thickening response (maximal at 3-7 days) was not due to microglial activation. This contrasts with a previous acute IOP elevation study 110 (50 mm Hg for 30 minutes) that found an increased density of Iba-1-positive hyalocytes and subretinal macrophages at 1 week, although the study also found equivalent changes in fellow sham eyes. The sham eye effect suggests that those results were primarily due to the cannulation procedure itself and agrees with another study 111 finding that eye puncture activates retinal microglia. Studies using chronic models of IOP elevation have shown microglia clustering early in the progression of DBA/2J inherited glaucoma (bilateral) 84 and microglial activation in both experimental and control eyes of a laser-induced IOP elevation model. 85 However, the reason for microglial activation in these studies is also difficult to interpret due to a lack of internal control or a control eye effect. Future studies are required to fully understand the pathophysiological sequence and cause of the transient RNFL thickening.
In summary, this study found that acute IOP elevation to 50 mm Hg for 8 hours in rats has no permanent effect on anterograde or retrograde axonal transport at either 1 or 2 weeks but does result in substantial, transient RNFL thickening (peak, 15%-19%) that lasts for up to 3 weeks. Both axonal transport and RNFL thickening are reversible events that do not result in loss of RGC density at 6 weeks. Future studies will assess axonal transport alongside in vivo longitudinal measures of RNFLT in a rat model of longer-duration IOP elevation in both young and old rats to further elucidate reversible and irreversible aspects of the pathophysiological response to IOP elevation.
